Species identification is a crucial step in the study of wooden artefacts, but sampling is frequently impossible. The objective of this study is to evaluate the efficacy of reflected light microscopy, including the use of polarising and narrow-band blue filters, as a non-invasive identification tool. Different surfacing and finishing techniques copying historical manufacturing methods were applied to selected species. The visibility of anatomical features was evaluated on the basis of a four level scale. Two indexes were created: an Identifiable Anatomical Features index (IAF) to evaluate the effect of treatments on the complex of microstructural characters, and a Feature Recognition Index (FRI) to estimate the susceptibility of each anatomical feature towards different treatments. Surfacing affected the visibility of anatomical features to different degrees of severity depending both on the technique used and on the species. The visibility could be partially improved or decreased by the presence of finishes, depending on their transparency. Each anatomical feature showed different susceptibilities towards treatments. Both polarising and narrow-band blue filters considerably increased visibility of several anatomical features. Possibilities to recognise individual character states were encouraging, except when obscured by low transparency finishes. Much diagnostic anatomical information can be obtained by the use of non-invasive, reflected light microscopy, although the step from feature recognition to species identification may still require further analysis.
INTRODUCTION
Both conservation and restoration of wooden works of art or rare archaeological artefacts require an in-depth diagnostic process. Species identification is a crucial step of that procedure (Fioravanti 1994; Hoadley 1994; Nardi Berti & Berti 1983; Wheeler & Baas 1998; Uzielli 1989) . On the one hand the species is the key to physical and mechanical properties of a wooden object, on the other hand it represents information of historical interest about ancient trade, uses, and manufacturing techniques.
For these reasons species identification is a requirement of the standards pertaining to wooden cultural heritage in many countries. In Italy, UNI 11118 states the criteria to be adopted for species identification on wooden artefacts, while UNI 11161 includes species identification amongst the essential requirements for a conservation, restoration or maintenance plan.
So far, as a rule, species identification of wooden artefacts has been carried out through sampling, specimen preparation and observation of its anatomical features using either light or scanning electron microscopy. By contrast faster methods, such as hand lens identification (e.g. Forest Products Research 1960 Research , 1963 venet 1986; Hoadley 1990; Ilic 1990 Ilic , 1991 CITES 2002) , are not or little used as they are commonly inappropriate because species identification often requires seeing more features than are visible with a hand lens and the surfaces of cultural artefacts may not lend themselves well for hand lens inspection. Sampling for wood anatomical analysis is, however, invasive and thus affected by restrictions. Certain types of artefacts such as small wood carvings or marquetry, cannot be sampled adequately, and in any case invasive and destructive sampling does not guarantee that the wood can be accurately identified. Accuracy of identification depends in fact on different factors which have been analysed by Wheeler and Baas (1998) and can be briefly summarised as: access to auxiliary information such as geographical origin (which is, however, often one of the unknowns requested together with a botanical identification); sample dimension and state of conservation; access to literature and/or reference samples; knowledge on variability within species.
Non-invasive wood identification is therefore an absolute necessity for certain valuable wooden objects. The objective of the present study is to evaluate if reflected light microscopy (RLM) applied to unmodified surfaces of wooden artefacts can be useful for the observation of anatomical features. To our knowledge only sporadic attempts have been made with RLM on a few artefacts (M. Fioravanti, personal communication), but a methodological study to evaluate its efficacy is still wanting. On the other hand RLM is routinely used in anthracology for charcoal identification (Leney & Casteel 1975; Figueiral et al. 2002; Dias Leme et al. 2010) .
Here we explore, in selected wood species, how different techniques of surfacing and finishing can influence the visibility of anatomical features with RLM, and thus how powerful the application of RLM can be in wood identification of wooden artefacts.
MATERIALS AND METHODS

Materials
Marquetry furniture was chosen as a model for this pilot study, representative as it is of the problem under investigation. Six temperate species were selected: Acer pseudoplatanus, Buxus sempervirens, Juglans regia, Olea europaea, Prunus avium, Pyrus communis. Tropical species commonly used in marquetry were avoided because they belong to notoriously difficult taxa to identify, such as Dalbergia .
Quarter-sawn boards without any defects, 3 cm thick, were selected for each species. From the heartwood of each board, strips, 20 square mm in transverse section, were cut and then from each strip 12 small cubes of approximately 20 mm length with perfect transverse (T), tangential longitudinal (TL) and radial longitudinal (RL) surfaces were cut. These dimensions were chosen in order to obtain specimens containing at least a complete growth ring plus parts of the two contiguous rings.
For each species 12 different treatment protocols were then performed, resulting from the combination of different surfacing and finishing techniques (summarised in Table 1 ), obtaining a total of 72 treated specimens. Each specimen was treated on one face for each anatomical direction. Treatment protocols are described below.
Surfacing
Wood surfacing can be performed through sanding or chip removal. On artefacts the final result of both techniques varies greatly, because they were done manually and influenced by the quality of the tools (e.g. sharpness or grain size of sanding material). Therefore, we introduced variability by producing two strongly diverging quality levels for both techniques. For sanding we used two grades of P120 (S-) and P4000 (S+) respectively, which, according to FEPA (Federation of European Producers of Abrasives) standards, correspond to a mean grain size of 125 μm and 5 μm respectively. For chip removal, one treatment used a planer accurately sharpened in the laboratory just before planing (CR+), the other used a card scraper (in Italian a "rasiera") (CR-), a sheet of metal with a burred edge traditionally used in marquetry.
Finishing
The composition of finishes used on ancient artefacts commonly varied between each craftsman's workshop. Therefore, we adopted the same procedure as for surfacing, selecting two finishes poles apart in terms of interference: shellac (Sh) and wax (Wa). A set of specimens was left without finishes (Nf) too, in order to evaluate the effect of surfacing by itself and for comparison with Sh and Wa.
Observations
The visibility of anatomical features was evaluated with an Olympus BX51 optical microscope fitted with an Olympus TH4-200 reflected light source. An Olympus DP71 digital colour camera and a digitised image analysis system (analySIS ® , Olympus) were used for photographs and quantitative anatomy. S+ = sanding 4000; S-= sanding 120; CR+ = high-sharpness planning; CR-= low-sharpness planing; Nf = no finish; Sh = shellac; Wa = wax.
As references for wood anatomical species descriptions we used Schweingruber 1978 and InsideWood 2004 Terminology and survey principles generally followed the IAWA list of microscopic features for hardwood identification (IAWA Committee 1989); however, ray height was measured, although the IAWA list only records whether rays are >1 mm (feature 102). Table 2 lists the characters recorded, for each species and surface.
A scale of four levels was adopted to classify the visibility of anatomical characters: level A: the character state is visible and identifiable throughout the entire specimen surface; level B: the character is visible throughout the entire specimen surface but its state can be identified only on some portions of the surface; level C: the character is visible throughout the specimen surface but its state is hardly identifiable and then only on rare portions of the surface; level D: on the entire specimen surface the anatomical feature is not sufficiently visible to allow the character state to be identified. Each time that the visibility of an anatomical feature was not graded as "A", a polarising filter and an Olympus U-MNB2 narrow-band blue filter were used in order to evaluate if a better visibility level was attainable.
Examples of visibility levels and the effect of filters are respectively shown in Figures  1 and 2 .
Since only the A and B levels allowed recognition of characters and character states, the probability of feature identification was expressed by means of a Feature Recognition Index (FRI), representing the percentage of all observations that resulted in feature identification as follows: FRI represents the degree to which the visibility of an anatomical feature is affected by treatment.
The total number of observations was different for each anatomical feature, depending on the number of species in which it was present (Table 2) . On the basis of data analysis, arbitrary classes were then created to give FRI a qualitative ranking: -low if ≤ 50%; -good if >50% and <75%; -high if ≥75%.
Treatment effects were hence evaluated through an index called "Identifiable Anatomical Features" (IAF), calculated as: which is the percentage of identified anatomical features.
This index does not represent the probability of species identification, because that depends again on the combination of specific anatomical characters that is characteristic for a given species. For statistical analysis differences in values arcsine-transformed were tested at the P< 0.05 significance level with the Ryan-Einot-gabriel-Welsch F test (REgWF) (Hsu 1996) .
RESULTS AND DISCUSSION
Surfacing
The IAF indices differed significantly depending on the technique (Table 3) , and ranged from overall poor recognisability for the coarsely sanded surfaces to relatively high IAF values for finely sanded surfaces, with the two planed surfaces intermediate. These differences are due to the fact that different surfacing techniques produce different cellular damage, and leave various amounts of damaged cell wall material projecting from the wood surface (giordano 1981; Hoadley 2000) . The resulting layer of partially damaged cells on the surface reflects light diffusely (Marschner et al. 2005) , causing the difference between "invisible" and "identifiable". IAF values also differed significantly among species. Species with the coarser texture, such as Juglans regia or Prunus avium, were less affected by the absence of perfect surfacing and had the highest IAF values, while species with a fine texture, such as Pyrus communis or Buxus sempervirens, were the most affected and registered low IAF values. Not surprisingly, anatomical features by themselves also showed a great variability (Fig. 3) . On the whole, over three quarters of all anatomical features had a low probability of being recognised and none had a 100% one. All features that were relatively easy to identify, i.e. with an FRI ≥50%, belong to the transverse face and this is in fact the anatomical section mostly used by hand-lens identification methods (e.g. CITES 2002; Forest Products Research 1960 , 1963 Hoadley 1990; Ilic 1990 Ilic , 1991 venet 1986 ). 
Finishes
variation in IAF and FRI values caused by the presence of shellac and wax are compared with those for unfinished surfaces in Table 4 . Shellac coating resulted in a remarkable overall improvement of IAF by 14%, while wax had the opposite effect, with an 8% decrease of IAF. The application of finishes interacted differently with different types of surfacing: IAF improvement by shellac was greatest in coarsely surfaced samples; coating with wax on the contrary resulted in the greatest deterioration in the most perfect surfaces (finely sanded or planed with sharpened tools). Shellac and wax finishes reduced the surfacing-induced variability of IAF (compare Tables 3 and 4) : shellac through a marked improvement on the coarsest surfaces; wax by reducing the visibility of features on more perfect surfaces.
Shellac and wax finishes also had diverging effects on different species (Table 4) , although the grouping of species as based on IAF values remained rather similar to that of untreated surfaces. visibility in fine-grained Buxus sempervirens suffered most from waxing. Figure 3 . Ranking of anatomical features observed in absence of finishes based on the FRI index (%). Figure 4 shows that FRI values for individual wood anatomical features increased in shellac-finished surfaces in over half of all features, and was only significantly negative for "deposits in vessels". Treatment with wax, on the other hand, decreased FRI of most features, with the exception of ray width and height, and fibre type as seen in tangential surface (Fig. 5) .
Finishes acted as filters altering light reflection in consequence of their physical interaction with wood surface. They reduced reflection because of the absorption of light by the finish (Xie et al. 2006) and affected the reflection angle depending on its refractive index. The refractive index of a clear finish (such as shellac and wax) is close to that of the wood, and the first surface layer of damaged cells is effectively eliminated so that the reflection of wood originates from the less damaged structure of the subsurface (Marschner et al. 2005 ). The differences registered in the overall effect between shellac and wax were due to their different transparency. Some preliminary tests on artificially Uv-aged specimen revealed that degradation of finishes did not substantially alter their effect on the visibility of anatomical features (results not shown).
Filters
The enhancement of IAF and FRI by filters is summarised in Tables 5 and 6 . The narrow-band blue filter worked well on finished and unfinished surfaces. The highest benefit was observed in shellac-finished surfaces (which already started from the best IAF values) with a mean increase of +14%. A much lower contribution was found for waxed surfaces which already had the lowest original IAF values.
Polarised filters did not work in the presence of finishing. On non-finished surfaces (detailed results not shown) its positive effect was greater on cut surfaces than on sanded REgWF, see Table 3 . Sh = shellac; Wa = wax; S+ = sanding 4000; S-= sanding 120; CR+ = highsharpness planing; CR-= low-sharpness planing; A = Acer pseudoplatanus; B = Buxus sempervirens; P = Prunus avium; J = Juglans regia; O = Olea europaea; Py = Pyrus communis.
Variation
Final value REGWF IAF (%) ones and in Acer and Prunus the increase of IAF was much greater than in the other species. Combined use of blue filters and polarising filters on non-finished surfaces showed remarkable results in most species, close to those achieved on shellac-finished specimens. Table 6 summarises FRI values when using different finishings. The blue filter had a markedly positive effect on recognising "ray cellular composition", while for the other anatomical features the effects depended on finishing. Polarised filters greatly improved the visibility of helical thickenings and intervessel pit features, while visibility of other features were hardly affected. The best overall results were observed with shellac finish, where only "deposits in vessels", "axial parenchyma type" and "intervessel pits size" were left with a low FRI, while FRI for "vessel element length" and "helical thickenings" remained low (≤ 50%) for only one of the two possible planes of observation. All the features relating to rays, "porosity", "vessel arrangement" and "fibre wall thickness" showed high FRIs, partly due to high initial values, partly to appreciable improvement by the use of filters. The use of filters for non-finished surfaces showed satisfactory results for most features. Only axial parenchyma, fibre type and some vessel features did not come up to good FRI values. FRIs of waxed surfaces remained low, despite some enhancement due to the use of blue filter. For both types of filter the visibility is enhanced by improved contrast. Blue filters amplify a very narrow band of wave lengths and attenuates all the others; polarising filters enhance the visibility of birefringent material, a well-known property of crystalline cellulose microfibrils, and dependent on their direction and thus on the angle of observation (Donaldson 2008) .
CONCLUSIONS
The finest surfacing techniques for the manufacturing of artefacts do not achieve the results provided by thin sections for transmitted light microscopy. The absence of a perfect surface preparation seriously affects the visibility of anatomical features with the RLM and hence their probability of identification, but with different severity depending both on the technique used, the individual feature, and the specific texture of the timber. The interference due to finishes is different depending on their transparency. Wax is without doubt a problem as it strongly decreases visibility of most features, while shellac generally greatly enhances visibility. The use of filters greatly increases the visibility of many anatomical features. As a result, for most features the probabilities of recognising them are relatively high on non-finished and shellac-treated surfaces. Thus RLM can be a valuable technique for non-invasive identification of anatomical features on artefacts; this unfortunately cannot be directly translated to species identification for two reasons. Firstly, in addition to the imperfections of transverse, radial and tangential surfaces, the surfaces of artefacts are often oblique causing great problems in feature recognition. Secondly, historical artefacts are complex objects that may have suffered from other deteriorating factors that are not easily reproduced in a model study such as this one. For these reasons we think it is better and more realistic to speak about the identification of anatomical features than of species in the case of non-destructive wood anatomical identification of artefacts. Then, if the identified anatomical features are insufficient for a precise species identification, they still permit the support or rejection of any possible hypothesis, which will be useful for our understanding, conservation and restoration of a given artefact. There are also practical restrictions to the application of the reflected light. Fixed incident light microscopes can only be used on small objects such as small carvings or loose marquetry cards which need to be rearranged. In the case of bigger objects portable microscopes are necessary. Currently these instruments do not reach the optical quality of fixed microscopes and do not allow the use of filters, consequently giving poorer results. Nevertheless, the present study shows that much information can be obtained by using RLM. This approach will, therefore, be applied by us in future studies of real artefacts. 
